regulated susceptibility or resistance to influenza PR8 virus infection. Notably, they demonstrated that interferon-inducible transmembrane proteins inhibit an early step of influenza replication.
König et al. 3 infected siRNA-transfected cells with a recombinant influenza A/WSN/33 (WSN) virus in which the coding region of hemagglutinin was replaced by a luciferase reporter gene. The absence of functional hemagglutinin protein in this screen limited it to identifying genes involved in early stages of infection (viral entry, uncoating and nuclear import), as well as viral RNA transcription and translation. Late events, such as virus assembly, budding and release, could not be scored. These authors found 295 the host cell, virus entry through endocytosis, fusion of the endosomal and viral membranes to allow uncoating of the virus particle, and transport of the viral components to the nucleus, where transcription and replication take place. The late events include export of the viral ribonucleoprotein complex and RNA into the cytoplasm, where translation and viral assembly occur, and release of progeny virions from the cell surface.
Brass et al. 1 used fluorescence microscopy to score the abundance of the influenza envelope glycoprotein hemagglutinin as a marker of infection with influenza A/PR/8/34 (PR8) virus in siRNA-treated osteosarcoma cells and identified 312 human genes that Seasonal influenza causes hundreds of thousands of deaths annually, and the potential for vastly higher mortality from an influenza pandemic remains an ever-present threat to global health. Two recent papers in Cell 1,2 and two in Nature 3,4 describe a significant advance in the search for new influenza drugs. The studies reveal hundreds of human genes that are required for the influenza replicative cycle, at least some of which may emerge as novel drug targets.
Like almost all mammalian viruses, influenza virus has evolved strategies for exploiting host cell factors to promote its replication and suppress antiviral immune responses. Identification of these host factors would expand the number of potential drug targets far beyond the 11 proteins encoded in the viral genome. To discover and validate human genes implicated in the influenza life cycle, all four research teams [1] [2] [3] [4] transfected cultured human cells with pools of short interfering (si)RNAs designed to silence the majority of human genes and monitored the effects of knocking down individual genes on viral infectivity. Initial hits from each study were used to search databases of protein-protein interactions, allowing prediction of hostcell pathways that are likely to be needed either for the viral replicative cycle or for the immune response to viral infection.
High-throughput siRNA screens of human cells have been used previously to identify host genes important for infection by the HIV 5-7 , hepatitis C 8,9 and West Nile 10 viruses. For influenza virus, however, this approach was applied only in Drosophila melanogaster cells 11 ( Table  1 ). The relevance of the 110 factors identified in the Drosophila study to infection in humans remains unclear. Because flies are not a natural host of influenza virus, the authors had to use a modified virus. Moreover, flies do not express all of the proteins required for influenza virion assembly and infectivity.
The four recent studies [1] [2] [3] [4] identified new genes and pathways associated with virtually every step in the influenza virus life cycle (Fig. 1) . The early steps include attachment to the appropriate receptor on the surface of
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High-throughput RNAi screens in human cells suggest new approaches to curb influenza virus infection. gene products: the M2 ion channel (the target of amantadine (Symmetrel) and its derivative rimantadine) and neuraminidase (the target of zanamivir (Relenza) and oseltamivir (Tamiflu)). Unfortunately, resistance to both classes of drugs is now widespread, and new antiviral drugs are urgently needed to combat influenza epidemics and pandemics. Host-cell factors have been successfully targeted in the case of other viral infections (e.g., the CCR5 coreceptor of HIV-1), and they have the distinct advantage of lacking the high mutation rates of influenza virus genes, which have enabled the development of resistance to current drugs. Finally, it is worth noting that viruses from different families may interact with the same cellular factors with widely disparate effects. For example, CCR5 deficiency is a risk factor for early clinical manifestations of West Nile virus infection 12 . Although the extent to which the data from these screens will influence drug development remains to be seen, they unquestionably extend our understanding of influenza virus biology and suggest potentially fruitful leads for the rational design of broad-spectrum antiviral drugs.
Notwithstanding the value of these screens to identify candidate genes for further analysis using molecular biology and virology tools, it must be noted that all siRNA screens have inherent limitations. First, because siRNAs deplete only a single gene at a time, genes whose functions are redundant with other genes might not be found. Second, unannotated genes and genes that are crucial for virus infection but are lethal or toxic to the viability of host cells will probably be excluded. Lastly, the data set gathered from each screen seems to depend strongly on the conditions and readouts of the screen. Indeed, although each of the five studies [1] [2] [3] [4] 11 had the same goal, they did not identify the same set of host genes; a close comparison of the five studies shows that fewer than 20 genes were recovered more than once.
This discrepancy can likely be explained by differences in the cell lines, assay designs and siRNA libraries used in the four studies ( Table 1) . Whereas Brass et al. 1 worked with an osteosarcoma cell line (U2OS) and PR8 virus, König et al. 3 and Karlas et al. 4 both used a human alveolar basal epithelial cell line (A549), and used recombinant and wildtype WSN viruses, respectively. The conditions for siRNA treatment and virus infection also differed between the studies. Brass et al. 1 treated cells with siRNA for 72 h before infection and scored viral infectivity 12 h after infection. In contrast, König et al. 3 and Karlas et al. 4 treated cells with siRNA for 48 h and scored readouts 12 h after infection. Thus, the screens may have identified host genes that affect different stages of infection.
The hundreds of new host factors identified by the four studies [1] [2] [3] [4] should be welcome news to drug developers. Current influenza drugs target only two proteins, and both are viral genes whose knockdown by at least two siRNAs reduced luciferase expression, and knockdown of 219 of these genes inhibited WSN virus replication in multiple-cycle growth. Some of the identified host factors were shown to be important for replication of the swine-origin 2009 pandemic H1N1 virus. Moreover, the authors demonstrated that small-molecule inhibitors of several factors, including the vacuolar ATPase and calcium/calmodulin-dependent protein kinase 2β, inhibited influenza virus replication.
Karlas et al. 4 used a two-step approach in which A549 cells transfected with an siRNA library were infected with the WSN virus and cells were immunostained for viral nucleoprotein protein expression as a marker of virus infection. In the second step, the culture supernatants from the A549 cells were transferred to 293T human embryonic kidney reporter cells bearing an inducible influenza virus-specific luciferase construct. This approach identified 287 host factors that affected replication of WSN virus. The authors then confirmed the involvement of a majority of these host factors in the replicative cycles of other influenza viruses, including the 2009 pandemic H1N1 virus, by showing that transfection with siRNAs targeting the host factors reduced virus titers. Notably, they provided in vivo evidence for the importance of the p27 gene by studying p27 knockout mice.
In contrast to these fluorescence-based approaches 1,3,4 , Shapira et al. 2 used a combination of yeast two-hybrid and genome-wide microarray analyses to define a physical and regulatory map of host-virus interactions comprising 1,745 candidate genes involved in influenza PR8 infection. Using siRNA technology, they then validated the roles of all 1,745 candidate genes.
